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turning rates. In these examples, the turning rates overlap
considerably.

The values of TR ean ranged between 647-2526 degrees s
(mean 1200+126.4 degrees s '), 221-3395 degrees s ' (mean
1681+146.5 degrees s ') and 53-416 degrees s ' (mean
205.5+24.9 degrees s ') for ABE, ER and RT, respectively
(Fig. 3A). Estimated TRy, of field-ABE ranged 1128-2181
degrees s™' (mean 1504+36.7 degrees s') (Fig. 3A). TRumean
were statistically different among the four groups (ER, RT, ABE
and field-ABE) (Kruskal-Wallis, P<<0.0001; Fig. 3B). Post-hoc
tests revealed that the TR, .., of ER, ABE and field-ABE were all
significantly higher than that of RT (P<<0.05 in all three cases),
while no differences were found when comparing ABE and ER,
ER and field-ABE, and ABE and field-ABE (all P>0.05). If a
more conservative estimate of S1A (i.e. 100 degrees, see
Materials and Methods) is used, the values of TR, .., for field-
ABE show a mean of 1103%26.9 degrees s ' (range 828-1600
degrees s '). However, even using this conservative estimate, the
results of the Kruskal-Wallis test is still significant (P<<0.0001)
and the post-hoc tests still show that TR, .., of ER, ABE and
field-ABE were all significantly higher than that of RT (P<<0.05
in all three cases), while no differences were found when
comparing ABE and ER, ER and field-ABE, and ABE and field-
ABE (all P>0.05).

TRyax ranged between 9424840 degrees s (mean
2070+270.7 degrees s '), 380-4215 degrees s ' (mean
2196+180.9 degrees s ') and 182-826 degrees s ' (mean
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Fig. 2. Example of an air-breathing event (ABE) and an escape
response (ER) with similar S1A for two Hoplosternum littorale.

(A) Tracings of the mid-line of the fish with arrow heads indicating the position
of the snout of the fish while the other end of the arrow represents the tail
of the fish. Each line is separated in time by 4.17 ms (i.e. frame-by-frame
at 240 frames s~ ). (B) The time course of turning rates, with stage 1 starting
at the position of the vertical arrow and coming to an end where the lines
touch the x-axis at ~205 ms.

533.3+50.2 degrees s ') for ABE, ER and RT, respectively
(Fig. 3C). TRax Were statistically different among ABE, ER and
RT (Kruskal-Wallis, P<<0.0001; Fig. 3D). Post-hoc tests showed
that both ER and ABE had a significantly higher TR,,,,x than RT
(P<<0.05 in both cases), while no differences were found between
ABE and ER (P>0.05).

Distance travelled in 100 ms (D100)

The values for D100 ranged 2.1-57.8 mm (mean 22.2*+4.5 mm),
3.2-105.0 mm (mean 35.5%=3.5 mm) and 1.5-11.7 mm (mean
4.9+0.8 mm) for ABE, ER and RT, respectively. D100 was
statistically different between ER, ABE and RT (Kruskal-Wallis,
P<<0.0001). Post-hoc tests showed that D100 in ER and ABE was
significantly greater than in RT (P<<0.05 in both cases), while no
differences were found between ER and ABE (P>0.05).

Relationship between turning rate and distance

A linear, positive relationship between TR.., and D100 was
found to be significant for both ABE (r2=0.34; P<0.05; N=16)
and ER (r*=0.87; P<0.001; N=38), and the two slopes and
elevations were not significantly different from each other
(ANCOVA; P>0.05 for both slope and elevation; Fig. 4).

Relationship between turning rate and latency

A significant negative relationship between TR;,.« in ER and
their escape latency (i.e. time from stimulation to first movement
of the head) was found (r*=0.55; P<0.0001; N=38; Fig. 5). In
the present study, ER latencies ranged from 8.3 to 54.2 ms, with
29% being =12.5 ms. If we consider that the shortest latencies
(=12.5 ms) are likely to be Mauthner cell controlled (Eaton et al.,
2001), these show a TR,.x 0f 26864215 degrees s ! The range
of TR, in these short-latency ER largely overlaps with that
of ABE (942-4840 degrees s '). Hence, while latencies in ABE
could not be measured, the range of TR,.x in ABE overlaps with
the TR,,.x of the ER that are most likely to be Mauthner-cell
driven [fastest TR and shortest latencies (Liu and Fetcho, 1999;
Kohashi and Oda, 2008)].

DISCUSSION

Our findings demonstrate that C-starts in fish can be used within
the context of air-breathing and provide a novel comparison of
the kinematics and performance of an air-breathing manoeuvre
with that of escape responses within a species. The results show
that air-breathing events (ABE) performed by Hoplosternum
littorale are kinematically similar to C-start escape responses
(ER), as mean performance levels of these behaviours do not
differ and the range of values largely overlap in terms of turning
rates, distance covered and the relationship between these rates.
Although the ranges of turning angles in ABE and ER also
overlap, there are significant differences between the means. The
higher mean stage 1 angle (S1A) of ABE compared to ER (136.3
vs. 77.2 degrees, respectively) can, however, be easily explained
by the need to dive quickly back towards the bottom after a
vertical ascent towards the water surface, which is reflected in the
limited range of S1A observed in ABE (103-182 degrees)
compared to the wide range of SIA observed in ER (11-194
degrees) typical of fish escape responses (Domenici and Blake,
1997). While significant differences in the mean values can imply
that the two behaviours accomplish different tasks, large overlaps
in performance values would suggest that the physiological
mechanisms driving the two responses are similar [see also Wohl
and Schuster (W6hl and Schuster, 2007) and Canfield (Canfield,
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Fig. 3. Turning rates of Hoplosternum littorale for air-breathing events (ABE, white bars; N=16), escape responses (ER, grey bars; N=16), routine
turns (RT, black bars; N=16) and field air-breathing events (field-ABE, striped bars; N=54). Note that turning rates of field-ABE were estimated from the
mean S1A observed in the laboratory (see Materials and Methods), hence maximum turning rates were not calculated. (A) Relative frequencies of mean
turning rate (TRnean) Show a considerable distribution and overlap of ABE, ER and field-ABE, whereas RT are generally performed within a narrow range; bin
size is 600 degrees. (B) Overall means * SE for TRean Show that RT are performed at a significantly lower mean rate than either ABE, ER or field-ABE,
with different lower-case letters denoting significant differences between groups. (C) Similar to TRmean, relative frequencies of maximum turning rate (TRmax)
show a considerable distribution and overlap of ABE and ER, whereas RT are generally performed within a narrow range; bin size is 1000 degrees. (D) Overall
means * SE for TR,ax show that RT are also performed at a significantly lower maximum rate than either ABE or ER, with different lower-case letters

denoting significant differences between groups.

2007) for comparisons of escape-like behaviours based on
performance overlaps]. Indeed, when considering only ER with
large angles (within the range of S1A observed in ABE, i.e. 103—
182 degrees), the overlap in performance with ABE is
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Fig. 4. Correlations between distance travelled in 100 ms (D100) and
mean turning rate (TRean) for air-breathing events (ABE, squares) and
escape responses (ER, triangles). Linear regression equations are
y=0.02x-2.39 (r’=0.34; P<0.05; N=16) and y=0.02x-3.31 (*=0.87;
P<0.001; N=38) for ABE and ER, respectively. There were no significant
differences between either slope or elevation of the two lines.

considerable (67%, 100% and 67% of the ER values are within
the range of ABE values observed for TR ean, TRmax and D100,
respectively). ABE may therefore be considered kinematically
comparable to a subset of ER, i.e. those with a large S1A.
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Fig. 5. Relationship between maximum turning rate and latency of
escape responses (y=—69x+3829; r2=0.55; P<0.001; N=38). The
shaded area covering latencies =12.5 ms indicate escapes that are likely to
be controlled by the Mauthner cells (see Results for further explanation).
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Interestingly, routine turns show a limited range of S1A with
most turns <90 degrees, possibly because large turns are not
necessary for exploring the environment.

Although ABE and ER show largely overlapping performance
levels, it is possible that certain differences in the starting position
may have affected the performance of the two behaviours
differently. For example, ABE were performed vertically, near
the surface and while the fish was in motion while ER were
performed in the horizontal plane, away from the surface and while
the fish was motionless or gliding slowly. Prior to ABE, fish
typically stopped their forward motion once the fish made contact
with the surface; hence the starting speed of both ER and ABE was
in all cases negligible. However, ABE and ER may differ in terms of
both surface and ground effects (Blake, 1983). Nevertheless, the
overlap between these two behaviours is such that, even if potential
differences are taken into account, considerable overlap would
likely persist [i.e. differences caused by, for example, surface effects
were shown to decrease the distance covered in responses near the
surface compared to those away from the surface by approximately
25% after 100 ms due to higher drag (Webb et al., 1991)].

Field observations of H. littorale also suggest that the
performance of ABE in natural environments is comparable to
that of ER observed in the laboratory, and that these performance
levels are significantly higher than those observed in routine
turns. Fast motion when gulping air makes particular sense in the
field where ponds are typically highly turbid and fish become
visible to aerial predators only when surfacing. It is likely that
wild fish retain this behaviour in the laboratory, even in clear
water, because of the unfamiliar environment and the perceived
risk of predation normally associated with surfacing.

Because previous work has shown that escape responses can be
triggered either by Mauthner cells or by slower acting parallel
neurons (Eaton et al., 2001), the question remains as to whether the
ABE observed here are controlled by Mauthner cells. Escape
responses triggered by Mauthner cells tend to show shorter escape
latencies than non-Mauthner cell responses (Eaton et al., 2001;
Kohashi and Oda, 2008). Furthermore, lower turning rates were
observed in escape responses of fish in which Mauthner cells and
associated neurons had been ablated, compared to intact fish (Liu
and Fetcho, 1999), suggesting that the Mauthner system is
associated with fast turning rates. It can be hypothesised that,
among all the ER we observed in the present study, the ones that
are most likely to be Mauthner-cell mediated are those with the
shortest escape latencies and the fastest turning rates. We found a
significant relationship between escape latencies and turning rate,
such that ER with short latencies also showed fast turning rates, as
previously observed in other species of teleosts (Domenici and
Batty, 1994; Domenici and Batty, 1997). We considered the ER
with =12.5 ms escape latencies as good candidates to be
Mauthner-cell responses, based on Eaton et al. (Eaton et al.,
2001) who found the latencies in Mauthner cell and non-Mauthner
cell responses in goldfish (Carassius auratus) to be 12.6 and
17.1 ms, respectively. In H. littorale, the range of turning rates
(TRpax) Of these short-latency ER (26864215 degrees s ')
overlaps with the range of turning rate values observed in ABE
(942-4840 degrees s '), suggesting at least some of the ABE
recorded here are likely to be controlled by Mauthner cells,
although conclusive evidence would need Mauthner cell
recordings during the turn. Furthermore, although potentially H.
littorale may be able to anticipate the need to turn, it is also
possible that the fish cannot precisely determine where the surface
is while swimming vertically, and therefore they may need to

generate a sudden turn (hence using a short latency such as that
provided by Mauthner cells) as soon as the surface is perceived
(possibly by barbels, see below) to avoid emerging excessively.

In terms of what may trigger the Mauthner cell (or the parallel
neurons), it is possible that air-breathing events in H. littorale
may be controlled by spontaneous activation (rather than external
stimulation) of the Mauthner cells. Spontaneous (voluntary)
activation of Mauthner cells has been suggested to play a role in
post-feeding turns (Canfield and Rose, 1993) and object-striking
C-bends observed in goldfish (Canfield, 2007). However, it is
also possible that the timing of ABE may be regulated by contact
with the surface. Catfish possess very sensitive barbels
(Hoagland, 1933; Caprio, 1975) and contact of chemoreceptors
located on these barbels with the air above the water surface,
especially in the turbid water in which catfish live, may be used
for precise timing of the C-bend contraction which re-directs the
fish towards the bottom. Interestingly, other species of catfish
[Corydoras aeneus (Kramer and McClure, 1980) and Plecostomus
punctatus (Gradwell, 1971)] have been observed to show a similar
behaviour whereby the fish follow their air-breath with a dash
towards the bottom. However, their air-breathing kinematics have
not been compared with that of escape responses; hence it would be
worthwhile testing if our findings also apply to other species of air-
breathing catfish.

An additional functional explanation for the fast motion
performed during air-breathing in H. littorale may be related to
one or more of the possible functions of air-breathing. In H.
littorale, and in similar species of catfish, air-breathing may
provide a number of functions in addition to respiration per se,
especially when performed in normoxic conditions. For example,
air in the intestine is also a requirement for buoyancy (Gee and
Graham, 1978) and such a function was suggested for another
species of catfish (Corydoras aeneus) that makes quick dashes to
the surface in normoxia (Kramer and McClure, 1980). In addition,
air-breathing can facilitate the passage of food through the
digestive tract (Persaud et al., 2006) and can increase hearing
capabilities in catfish because of the connection with the inner ear
via the Weberian ossicles (Lechner and Ladich, 2008). Because
our observations were carried out in normoxia, ABE may also
have been related to such functions in addition to providing air for
the respiratory organ. Furthermore, we observed the release of
bubbles of air from the anus at the end of the ABE (supplementary
material Fig. S1). This has previously been observed in other air-
breathers respiring across sections of the gut (Persaud et al., 2006)
and results from displacement of previously inhaled air situated
within the intestine with freshly inhaled air. It is possible that the
fast body C-bend may facilitate such air expulsion by quickly
reducing the space of the body cavity with high pressure from the
axial muscles. The fast release of air from the anus may in turn
facilitate the unidirectional air flow in the respiratory intestine to
transport digesta through the intestine quickly (Persaud et al.,
2006). This mechanism would allow the respiratory intestine to be
clear of digesta and function as an efficient gas exchange organ
without being disrupted for long periods (Persaud et al., 2006).

Regardless of the specific adaptive value of using C-starts
during ABE, the current results clearly suggest that similar
kinematics may be employed in behaviourally diverse contexts
and with or without external stimulation, i.e. from anti-predator
responses to gulping air at the surface. The possibility that fish
may be able to perform a C-start whenever the context demands
an extremely rapid movement highlights the flexibility of the
neuro-motor control of fast-swimming motions in fish.
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Fig. S1. Example of an air-breath performed by Hoplosternum littorale in the laboratory set-up. This example shows every second frame (time interval
8.33 ms) of a high-speed video recording, from the fish approaching the water surface to descending towards the bottom of the aquarium after the air-breath.

Note the expulsion of air from the anus (frame 29 and onwards) during the post-air-gulping C-bend. Square markings on back wall are 5 x 5 cm.
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Fig. S2. Top view of the tank used for the escape response experiments. The circle indicates the tube within which the stimulus was released. Release of
the stimulus occurred when the fish entered the drop zone from the front (i.e. when the fish entered the red shaded area from the circular side; not present in the
original setup). The trapezoid on the left indicates the mirror. The ruler was placed on the bottom of the tank and served as reference for later analyses.
Measurements are in cm. Scale is approximately 1:5.
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